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Abstract 
A customized Fe-Cr alloy that has been optimized for high temperature applications in oxidizing atmospheres has 
been interfaced via spark plasma sintering (SPS) with a p-type thermoelectric oxide material: calcium cobaltate 
(Ca3Co4O9). The properties of the alloy have been analyzed for its compatibility with the Ca3Co4O9 in terms of its 
thermal expansion and transport properties. The thermal and electrical contact resistances have been measured as a 
function of temperature, and the long term electronic integrity of the interface analyzed by measuring the resistance 
versus time at an elevated temperature. The kinetics of the interface have been analyzed through imaging with 
scanning electron microscopy (SEM), elemental analysis using energy dispersive spectroscopy (EDS), and phase 
identification with X-ray diffraction (XRD). The results reveal the formation of an intermediate phase containing 
calcium and chromium in the interface that is highly resistive at room temperature, but conducting at the intended 
thermoelectric device hot-side operating temperature of 800°C. As the alloy is well matched in terms of its thermal 
expansion and highly conducting compared to the Ca3Co4O9, it may be further considered as an interconnect 
material candidate at least with application on the hot-side of an oxide thermoelectric power generation module. 
 
Introduction 
The past several decades have witnessed great advances in materials research pertaining to 
renewable energy technologies. Oxides often play a role as energy materials in many of these 
  
technologies, such as solid oxide fuel cells (SOFCs) and thermoelectricity. Oxide thermoelectrics 
are excellent candidates for high temperature thermoelectric (TE) energy conversion due to their 
chemical stability in air at the high temperatures associated with waste heat recovery (up to 
800°C) and the relative low cost and availability of materials1. Inevitably, the issue of forming 
well contacted interfaces (that is to say, exhibiting low thermal and electrical contact resistance) 
between these oxides and pure metals or alloys serving as interconnects must be addressed in 
order to minimize the internal resistances of the modules to maximize the power output. This 
issue is compounded at high temperatures in that the chemical stability of the metal-oxide 
interface is undermined by mass diffusion and the formation of intermediate phases that may 
degrade the electrical and structural integrity of the interface. Wide-scale implementation of 
oxide thermoelectric power generation modules in the recovery of waste heat energy will require 
the development of oxide TE-interconnect contact interfaces that are long term chemically and 
electrically stable in air and minimal in their contribution to the internal resistances of modules. 
Several reviews have covered the extensive work on contact resistances between metal 
interconnects and oxide cathode and anode materials in SOFCs 2 , 3 . While a great deal of 
information may be gleaned from the work in SOFCs, there are a few key differences between 
SOFCs and oxide TE applications. First of all, SOFCs involve both oxidizing and reducing 
atmospheres whereas oxide TEs generally only operate in air. Secondly, the excepted value of 
area specific contact resistance (ASR) for SOFCs (<100 mΩ·cm2) is unacceptably high by a few 
orders of magnitude for oxide TE applications. This is due to their considerably lower densities 
(SOFC cathodes and anodes are porous) and higher intrinsic resistivities than oxide TE materials. 
So while the issue of atmosphere is simpler for oxide TEs, the issue of the contact resistance of 
metal interconnect-oxide TE interfaces may be more demanding to solve since it is the relative 
  
magnitude of the contact resistance in comparison to the intrinsic material resistances that 
matters.  
There have been a limited number of works that address the issue of contact resistance in both 
alloy/intermetallic4,5,6 and oxide thermoelectric devices7,8,9,10,11. As for the latter, Ca3Co4O9 (pure 
or doped) was used as the p-type material in all but ref. 11 (Arai et al.) which used a related 
cobaltate—NaCo2O4. Several other well-known studies have focused on Ca3Co4O9 as the p-type 
TE element of a unicouple or TE module but without quantitative analysis of the contact 
resistances12,13,14,15. In these studies, the authors made contact between TE elements using either 
screen printed Ag paste14,15 or combination of Ag paste mixed with a few percent of oxide TE 
powders and Ag foil12,13, with the latter resulting in a decrease of the total internal resistance and 
better stability of the Ca3Co4O9 based TE modules.  
As for refs. 7-10, the contact resistance was obtained by subtracting the theoretical resistances of 
the TE elements based on their intrinsic resistivities and dimensions from the total measured 
resistances of the unicouples or modules; only Arai et al.11 used a preferred method of 
extrapolating a resistance versus distance to the interface to quantify the contact resistance. In 
their work, Arai et el. successfully formed stable contacts between Ni interconnects and both p-
type NaCo2O4 and n-type Mg2Si via spark plasma sintering (a method also used by Zhao et al.5) 
by introducing a buffer layer of Ni powder mixed with SrRuO3 between the Ni interconnect and 
the TE elements—presumably inhibiting the growth of NiO at the interface. 
The work presented herein explores the feasibility of a high performance Fe-Cr alloy as an 
interconnect material in oxide thermoelectric power generation modules where the p-type TE 
element is calcium cobaltate. Using SPS as the method for interfacing and a careful measurement 
  
of the contact resistance by extrapolation of the resistance versus distance to the interface, the 
analysis of an Fe-Cr alloy is presented and discussed both in terms of the magnitude of the 
contact resistance and the long term stability of the interface at high temperatures. A tailored Fe-
22%Cr alloy (denoted as Fe22Cr) was chosen for this study in light of the success of high-
chrome steel alloys in high temperature solid oxide fuel cell applications—mainly due to their 
high temperature corrosion resistance and a thermal expansion coefficient on the order of many 
conducting oxides2. 
II. Experimental Methods 
2.1 Sample Preparation 
The interfaces were formed by first pelletizing the alloy powders (average particle size of 
~47µm) using a spark plasma sintering (SPS) system (Dr. Sinter 515S, Fuji Electronic Industrial 
Co., Japan). The pellet was then cut and polished with P1000 SiC metallurgical paper, placed 
back into the graphite SPS dies, and the Ca3Co4O9 powders placed on top of the alloy pellet (Fig. 
1). The densification of the Ca3Co4O9 and the formation of the interface were then performed 
simultaneously at conditions optimized for the Ca3Co4O916. Forming the interface directly using 
SPS was decided upon because of the mechanical strength and scalability that the process may 
provide. Though the high current density involved in the highly dynamic SPS process may result 
in an expedited initial growth of interfacial secondary phases, the eventual formation of these 
phases at operational temperatures mitigates this possible disadvantage of the SPS process. 
Both bi-layered (Fe22Cr/Ca3Co4O9) and tri-layered (Ca3Co4O9/Fe22Cr/Ca3Co4O9) samples were 
prepared for the various characterization measurements (Fig. 1). Additionally, a comparative 
sample of pure nickel with Ca3Co4O9 was prepared in the same manner using 400 mesh (< 47 
  
µm) Ni powders (Alfa Aesar, 99.99%). Samples were cut with a diamond saw, polished with SiC 
metallurgical paper and cleaned with ethanol before measurements. Additionally, pure samples 
of both Fe22Cr and Ca3Co4O9 were prepared for individual characterization in order to 
determine their contributions to the properties of the layered samples. The density of the Fe22Cr 
sample measured using Archimedes’ method was 7.67 g/cm3. Using a statistical pixel counting 
method performed on cross-sectional scanning electron micrograph digital images, the Fe22Cr 
sample exhibited a porosity of about 1.1%, which corresponds to a full density of 7.76 g/cm3—a 
value that agrees well with the theoretical density calculated using lattice parameters determined 
by X-ray diffraction (Bruker D8, Cu-kα): 7.78 g/cm3. In all cases, the densities of the Ca3Co4O9 
samples were more than 99% of the theoretical density (4.68 g/cm3)17 and showed no porosity. 
2.2 Transport Measurement Methods 
The thermal and electronic transport across the interfaces were measured using a Netzch LFA-
457 laser flash apparatus and a custom built system utilizing the four-probe technique, 
respectively. Specifically, the thermal contact resistance was determined by first measuring the 
thermal diffusivity of Fe22Cr and Ca3Co4O9 independently using the Cape-Lehman model18. 
Data were measured on the bi-layered samples and the single layer results fed back into the 
Netzsch LFA analysis software using a model for two-layers with contact resistance (based on 
the work of Hartmann et al.19).  
The initial electrical contact resistance after interfacing via SPS was measured on bar-shaped bi-
layered samples from room temperature up to 800°C. The schematic of the custom system used 
is presented in Fig. 2. This configuration allows for the determination of the resistivity of each 
component material, as well as the contact resistance (Rc) of the interface by linear extrapolation 
  
of the resistance (R) versus the distance to the interface (xn to 0) and subsequent subtraction of the 
contribution from the alloy between the probe lead and the interface: 
  (Eq. 1) 
Using a four-probe Keithley 580 Micro-ohmmeter and a double-pole, 6-throw rotary switch, the 
current was injected at the two ends of the sample and the voltage probed at various positions 
along the surface and across the interface via 0.1mm platinum wire leads affixed with silver 
paste. The separation of the leads and positions relative to the interface were measured using the 
cell-A software package with images taken from an Olympus SC20 digital camera affixed to an 
Olympus SZX9 stereomicroscope. The voltage leads were arranged so that the four leads used to 
obtain the resistance as a function of distance to the interface data were evenly spaced along the 
Ca3Co4O9. The order of magnitude higher resistivity of the TE oxide compared to the 
interconnect allowed for a high signal-to-noise ratio in the four-probe measurement of the 
Keithley micro-ohmmeter and easy subtraction of the contribution of the interconnect to the 
intercept of .  
The Keithley micro-ohmmeter was set to pulse mode where the current is imputed and the 
voltage probed for 150 milliseconds and then the current is shutoff and a baseline voltage 
obtained for subtraction. This baseline voltage should account for any offsets due to thermal 
gradients, i.e., thermoelectric voltages. Still, measurements were taken with both the forward and 
reverse current configurations and the results averaged. Data was not recorded for a given 
temperature until both the system temperature was stabilized and the difference in forward and 
reverse mode resistances minimized.  
  
In both measurements, the “contact” resistance is actually the interface resistance, which 
includes the electrical or thermal resistance of the intermediate phases and their respective 
contact resistances with the alloy and Ca3Co4O9. These resistances are multiplied by the cross-
sectional area of the interface to give the area specific resistance of the interface (ASR). 
2.3 Microstructures and Interface Evolution 
In order to ascertain the chemical stability of the interface, scanning electron microscopy (SEM) 
was employed with energy dispersive x-ray spectroscopy (EDS). As-prepared interfaced samples 
were cross-sectioned and polished for imaging and compositional analysis. Samples that 
underwent high temperature cycling during measurements or long term annealing at high 
temperatures (generally 800°C, which is the intended module hot-side temperature) were 
likewise prepared in order to observe the microstructural and compositional evolution of the 
interfaces. Imaging and analysis were performed using a Zeiss Supra-35 equipped with a Noran 
EDS system. Powder diffraction patterns were collected near the-oxide metal interface using a 
Rigaku Smartlab diffractometer equipped with a Cu-Kα rotating anode and parallel beam 
selection from the cross beam optics unit. A constant incidence angle of 23° was used together 
with a 0.04 mm slit opening resulting in a beam foot print of approximately 100 µm. Powder 
patterns were collected using a D/teX Ultra detector operated in florescence suppression mode. 
The sample position was moved by 50 µm between each data collection. 
Additionally, the time evolution of the resistance across the interface was assessed using a 
custom built apparatus that is described elsewhere20 . Using a pseudo-four-probe resistance 
measurement technique, the total resistances of tri-layered pellets, each consisting of a thin disk 
of interconnect material (i.e. Ni400—spark plasma sintered 400 mesh Ni powder20—and 
  
Fe22Cr) sandwiched between two Ca3Co4O9 layers, were measured as a function of time. One of 
the four independent channels of the apparatus was reserved for the simultaneous measurement 
of a Ca3Co4O9 pellet lacking an interface to detect and account for any changes in the resistance 
not originating at an interconnect-TE oxide interface (e.g. the interface of the platinum wire 
mesh probe leads and the Ca3Co4O9 as well as the Ca3Co4O9 intrinsically). Expressed in terms of 
a change in resistance normalized to the some initial resistance, this data and the derivatives with 
respect to temperature may give indication as to whether the diffusion/reaction processes they 
arise from will be time-limited and on what time scale.  
2.4 Material Properties Characterization 
As it was necessary to characterize the custom alloy and oxide TE materials in order to better 
interpret the data of the interfaced samples, the thermal expansion and electrical resistivity as 
functions of temperature were measured on Fe22Cr and a representative sample of Ca3Co4O9 
using a Netszch DIL 402 C dilatometer and an Ulvac ZEM3 resistivity and thermopower 
measurement system, respectively. The thermal conductivity (κ) was calculated with Eq. 2 using 
the thermal diffusivity (D) and specific heat capacity (cp), both measured by the laser flash 
method (Netzsch LFA-457), and the density (d) measured by Archimedes’ method. 
  (Eq. 2) 
 
III. Results and Discussion 
3.1 Material Properties 
  
Interfacial strains at the interface inevitably result from a mismatch in the thermal expansion 
coefficients ( ) of the two materials involved at high temperature operation. As noted in the 
introduction, Fe22Cr was designed to have a thermal expansion coefficient sufficiently close to 
that of oxides commonly used in solid oxide fuel cell applications. To verify the compatibility of 
the alloy to the TE material Ca3Co4O9, the thermal expansion was measured between room 
temperature and 800 – 850°C for both Fe22Cr and Ca3Co4O9. Because the latter is known to 
exhibit anisotropic properties, the sample was measured perpendicular (in-plane) to the direction 
of applied SPS pressure as well as parallel (out-of-plane). 
The technical thermal expansion coefficients ( ) of Fe22Cr and Ca3Co4O9 are presented 
in Fig. 3 with the differential  ( ) of Ca3Co4O9 displayed in the inset. It is important 
to note that the in-plane  of the Co349 is more relevant because this direction is perpendicular 
to the interface formed by SPS in multilayer pellets. Therefore, it is the relative thermal 
expansion between materials along this direction that will most influence the strains at the 
interface. As expected, the thermal expansion of Fe22Cr is well matched to that of Ca3Co4O9—
both being between 10 and 12 x 10-6K-1 and no more than ~5% difference over the whole 
temperature range. Confidence in these results is given by the close agreement with literature 
values of conventionally sintered Ca3Co4O9 samples reported by Cheng et al.21 and Kenfaui et 
al.22 (10 – 13 x 10-6K-1 and 12.6 x 10-6K-1, respectively). These values, which fall in between 
those of the “a-b” and “c” directions of highly aligned samples, suggest only a small degree of 
texturing. 
  
The inset of Fig. 3 shows the derivative of  with respect to the temperature for both the in-
plan and out-of-plane samples of Ca3Co4O9. The sharp step in the  of Ca3Co4O9 near 300°C 
may be due to a first-order metal-semiconductor transition. However, while this type of 
transition in Ca3Co4O9 has been observed by others, it is expected around 123°C21. Although 
interesting, this discrepancy is out of the scope of this work and will be investigated in the future. 
As for this study, it is only important to note that the thermal expansions of the alloys are well 
matched to the Ca3Co4O9. 
In the  curve of Fe22Cr, two second order transitions at about 500°C and just beyond 600°C 
can be observed. These transitions are also manifested in the resistivity curve, although there 
they are less pronounced (Fig. 4). The boundary of the miscibility gap where the binary alloy Fe-
22%Cr separates into Fe- and Cr-rich alpha phases is located between 500 – 510°C23. At 22% 
Cr, the BCC Fe-Cr solid solution alpha phase coexists with a lower symmetry, slightly Fe-rich 
sigma phase above this eutectoid boundary up to the vicinity of 600 – 650°C where the system 
becomes totally miscible23. 
The thermal conductivity (Fig. 4) exhibits first a drop after 500°C due to the precipitation of the 
sigma phase, but then a sharp increase above 600°C due to the homogenization of the crystal 
structure into the Fe-rich alpha phase. Of course the dwell time at each temperature before the 
measurement of the thermal diffusivity (used to obtain conductivity) is likely not long enough to 
obtain a steady state, but the exact value of the thermal conductivity is not relevant to the results 
  
of this study and it is only important to note that the magnitude is nearly an order higher than that 
of Ca3Co4O916. Additionally, the dilute amounts of the many other metallic elemental 
components of the Fe22Cr alloy used in this study undoubtedly complicate the phase mapping of 
the systems, but the Fe-Cr binary system may still serve as a guide in understanding the observed 
trends in the thermal expansion and transport data. 
The electrical transport properties of Fe22Cr are typical of a metallic alloy with a low 
thermopower (less than 16µV/K over the whole temperature range) and an electrical resistivity 
that is metallic in nature—increasing with temperature and exhibiting low values on the order of 
50 – 120 µΩ·cm. 
3.2 Interface Composition and Evolution 
As previously reported on Ni/ Ca3Co4O920, the direct interfacing of Fe22Cr with Ca3Co4O9 via 
SPS resulted in the initial formation of an intermediate phase. EDS line and spot analysis (Figure 
5b, Table 2) of the interface suggests that the intermediate phase of the Fe22Cr/ Ca3Co4O9 
interface may be calcium chromate (CaCrO4) or possibly the perovskite CaCrO3. The interface 
resistance discussed later suggests the insulating24 calcium chromate as the latter is a metallic 
oxide25. The stepwise XRD “line” scans presented in inset of Figure 5c clearly display the 
transition from pure calcium cobaltate to the iron-chrome alloy with the intermediate phases at 
the interface. In the main panel of 5c is the scan taken at the interface, which contain the most 
dominant peaks of the CaCrO4 phase at 2θ = 24.9°, 33.4° and 49.2°. However, there are no 
observable peaks where only the CaCrO3 phase should appear—most notably none at 33.9° 
where it’s dominant peak ought to be. Also, detected by the EDS line scan in Figure 5b is a thin 
layer of chromium oxide, however its presence is not clearly discernable by the XRD step scans 
  
due to its small volume fraction and the proximity of its main peaks to other prominent peaks of 
the main phases. However, cobalt oxide (Co3O4) was detected by its dominant peak at about 
36.9° and EDS mapping (not shown) indicates this to be some of the small particles that make up 
the islands within the CaCrO4 phase as well in the Ca3Co4O9 bulk near the interface.  
The time evolution of the Fe22Cr/ Ca3Co4O9 interface from zero (as SPS’ed) to 360 hours at 
800°C in air is presented in Fig. 5a. Compared to the intermediate Ni1-xCoxO phase of the Ni/ 
Ca3Co4O9 sample of Ref. 20, which grew to about 20 µm after 300 hours, the kinetics of the 
intermediate phase of the Fe22Cr/ Ca3Co4O9 sample is slower, growing only to about 12 ±  2 µm 
after 360 hours at the same conditions (Table 1). The slower growth of the intermediate CaCrO4 
phase may be a result of the thinner layer of the stable chromium oxide (quantization of the EDS 
results suggests Cr2O3) that is formed at the surface of the alloy. In comparison, the NiO layer 
formed at the surface of the Ni in Ni/ Ca3Co4O9 interfaces facilitates a high self-diffusivity of 
Ni26 which feeds its intermediate layer. Understanding the mass diffusion kinetics within the 
CaCrO4 layer may be helpful in order to mitigate its growth. Presumably, the Cr diffusion in the 
Fe-Cr alloy will control the formation and growth of the Cr2O3 phase, which feeds the CaCrO4 
growth. While it is uncertain whether it is the Cr or Ca that is mobile in the intermediate phase, 
the preservation of cobaltate (Ca3Co4O9 and/or Ca2Co2O5) islands in the growing intermediate 
phase (Fig. 5) suggests that it is the former of the two. Indeed, the concept of Cr “poisoning” of 
alkali and alkaline earth containing metal oxides is a well known phenomenon within the solid 
oxide fuel cell community27. 
3.3 Electrical Contact 
  
Bi-layered bar shaped samples of nickel and Fe22Cr interfaced with Ca3Co4O9 were prepared 
and the electrical resistivity measured from room temperature to 800°C in air. However, the 
nickel sample delaminated after 600°C due to the mismatch in thermal expansion between Ni 
and Ca3Co4O9. In the case of Fe22Cr the intermediate CaCrO4 layer formed during the SPS 
processing was too resistive below 300°C to get a meaningful result by extrapolation, and so the 
total resistance measured between lead positions 2 and 3 (just on either side of the interface) was 
taken to be the interfacial contact resistance. The forward and reverse current resistivities of a 
sample point (Fe22Cr, 600°C) can be found in the inset of Fig. 6. The small difference in the 
forward and reverse current data may be from a Schottky-like barrier due to a difference in 
electronic band structure between the intermediate CaCrO4 phase and either the interconnect or 
the Ca3Co4O9. However, without access to the raw V(I) data of the micro-ohmmeter it is 
impossible to know the quality of the subtraction and calculation of the resistances by the 
Keithley 580. A simple V-I plot of data measured across the interface between a single pair of 
leads may assist in assessing the source of the discrepancies between forward and reverse current 
resistances, and such experiments are planned for the future. However, the differences between 
the intercepts of the data taken in forward and reverse current modes are acceptably small 
enough to justify averaging the calculated contact resistances. 
In the main panel of Fig. 6 the natural logarithms of the area specific contact resistances (ASRC) 
of these samples as a function of inverse temperature are presented. The interfacial resistance of 
all samples exhibited a change in their temperature dependences near 300°C, corresponding to 
the first-order transition of Ca3Co4O917. For Ni400/ Ca3Co4O9, there is also an obvious step in the 
  
data, dropping above the transition temperature presumably because the interfacial strain should 
be less at higher temperatures due to the fact that the samples were interfaced in the SPS system 
at 850°C. To test the repeatability of the data a second Fe22Cr/ Ca3Co4O9 sample was produced 
using an entirely different batch of Ca3Co4O9 powders and the two data sets of each sample are 
in agreement within about 10%. 
Due to the ionic nature of the CaCrO4 intermediate layer, the contact resistance of the Fe22Cr/ 
Ca3Co4O9 interface is very high—on the order of a few to a few hundred Ω-cm2 between room 
temperature and just above 200°C. The interfacial contact resistance quickly drops with 
increasing temperature, but the dependence of the natural logarithm of ASRC on the inverse of 
temperature is not quite linear as would be expected for thermally activated hopping conduction 
in the intermediate layer of the interface. This unexpected result may be from a low density of 
data in which several regions of linear dependence may reside between locations of transitions in 
either the Ca3Co4O9 or the Fe-Cr alloys, which may result in nonlinear changes in interfacial 
strain. Again, the measured ASRC includes contributions from the intrinsic resistivity of the 
intermediate layer or layers as well as the actual contact resistances between each phase due to 
their inherent differences in band structure and the planar defects associated with interfaces of 
any kind. The highest temperature results of this data are presented in Table 2a for comparison. 
The high temperature (~800°C) change in resistance versus time of tri-layered samples that was 
investigated in order to assess the long term integrity of the interfaces in terms of electronic 
conduction is presented in Fig. 7 along with an inset displaying their derivatives with respect to 
time. The changes in the resistances of the samples are relative to and normalized by the values 
  
at 60 hours. This value was chosen in order to exclude the initial transient portion of the data and 
compare only the data where the kinetics are in something more of a steady state.  
The results of this test reveal the interface of Fe22Cr with Ca3Co4O9 to be more stable than the 
Ni/ Ca3Co4O9 interface, and combined with a comparison of the micrographs of Fig. 5a with the 
results of Ni with Ca3Co4O9 reported in Ref. 20, the reason is the slower growth rate of the 
CaCrO4 intermediate phase in Fe22Cr/Co349 compared to the nickel oxide intermediate in the 
Ni/Co349 system. As care was taken to make geometrically well defined samples for this 
measurement, a calculation of the contact resistance was performed by the subtraction of the 
Fe22Cr and Ca3Co4O9 contributions to the measured resistance after being corrected by 
subtracting the offset resistances of the measurement leads determined beforehand. The contact 
resistances calculated at 60 and 360 hours are displayed in Table 2b for comparison to the results 
of the more accurate linear extrapolation method.  
3.4 Thermal Contact 
Evaluation of the area specific thermal contact resistance was performed on a bi-layered pellet 
similar to the ones prepared for electrical contact resistance measurements shown in Fig. 1, but 
the thicknesses of the interconnect and Ca3Co4O9 layers were both about 1 – 2 mm thick. Also, 
the sample was measured uncut as a 12.7 mm diameter pellet. While the independently measured 
raw laser flash data of the interconnect materials and Ca3Co4O9 were easily fitted to obtain the 
diffusivity, the bi-layered samples proved a bit more difficult to accurately fit. The main 
difficulty came in fitting the tail of the data several half-times beyond the maximum. For this 
reason, the fitting range of the data was lessened until the data before the maximum was best fit, 
but never less than 4 half-times, and while the uncertainty of the data is explicitly determined, 
  
the fitting process should be taken into consideration. Nevertheless, the order of magnitude and 
the general temperature trends are believed to be accurate. 
The thermal contact resistances of Ca3Co4O9 interfaced with Ni400 and Fe22Cr are presented in 
Fig. 8. Firstly, it should be noted that the values for Fe22Cr with Ca3Co4O9 are two orders of 
magnitude lower than those of Ni400 with Ca3Co4O9. This is likely due to the smaller width of 
the intermediate CaCrO4 layer formed during interfacing with SPS compared to the NiO of the 
latter. While the temperature dependence of the thermal contact resistance of the Fe22Cr/ 
Ca3Co4O9 interface exhibits approximately the same temperature dependence as its electrical 
contact resistances, the thermal contact resistance of the Ni400/ Ca3Co4O9 interface has an 
upward trend with temperature in contrast to its electrical contact resistance. While the 
temperature dependence of its thermal contact resistance is not well understood, it is likely that 
the mismatch in thermal expansions and subsequent interfacial strains may play a role. 
 
IV. Conclusions 
The Fe-22%Cr based alloy studied in this work is well matched in thermal expansion to the well 
performing thermoelectric oxide material Ca3Co4O9. The electrical contact between these alloys 
and Ca3Co4O9 is compromised by the formation of a CaCrO4 layer in the interface, which is 
prohibitively resistive below ~500°C. However, 800°C is a likely hot-side operating temperature 
for the oxide thermoelectric power generation modules for which this interconnect-TE oxide 
interface is intended and so the possibility of using Fe-22%Cr alloys as an interconnect on the 
hot-side only is a viable one. At this temperature both the electrical and thermal contact 
  
resistances of the Fe22Cr/ Ca3Co4O9 interface are orders of magnitude lower than those of the 
Ni400/ Ca3Co4O9 interface. Additionally, the chemical reaction and diffusion kinetics are slower, 
resulting in a slower growth rate of the detrimental CaCrO4 phase than the NiO phases of the 
Ni400/ Ca3Co4O9 interface.  
Due to the greatly different temperatures of the hot and cold-sides of a high temperature oxide 
thermoelectric generator, the two sides should be engineered independently with the exception of 
considering the different thermal expansions in minimizing strains throughout the module as a 
whole. This could mean that the hot and cold-side interconnect materials and the processes for 
interfacing them to the TE elements could be completely different. The diffusion and chemical 
activity of the interface between Fe22Cr and Ca3Co4O9 may possibly be minimized, or at least 
found to be time limited on a reasonable time scale, by either the further engineering of the alloy, 
the optimization of the SPS interfacing process, and/or the intentional insertion of a conducting 
oxide buffer layer. Therefore, these materials may be a viable choice to serve as hot-side 
interconnects. 
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Figures 
 
Figure 1. Cross-sectional schematic of the SPS die with punch and sample configuration for simultaneous 
densification and interfacing of samples. 
 
 
 
 
 
  
 
 
Figure 2. Schematic of the electrical contact resistance measurement configuration. The darker shaded material is 
the Ca3Co4O9 and the sign convention of the current is for forward current mode. 
  
 
 
Figure 3. Technical (∆L/[Lo∆T]) thermal expansion coefficients of Fe22Cr and Ca3Co4O9 (Co349) from the warming 
curves. Inset: differential thermal expansion (∂L/[Lo∂T]) of Ca3Co4O9. 
  
 
 
Figure 4. Resistivity and total thermal conductivity of Fe22Cr. The structural transitions exhibited in the thermal 
expansion data of Fig. 3 affect the thermal conductivity more so than the electrical resistivity. 
 
  
 
 
 
Figure 5a. SEM micrographs of Fe22Cr/Ca3Co4O9 samples heat treated for various lengths of time at 800°C in air. 
These samples were all cut from the same tri-layered pellet from which the resistance vs. time sample was taken. 
Ca3Co4O9 and Ca3Co4O9 are denoted by Co349 and Co225, respectively. 
 
Figure 5b. EDS line scan across the interface between Fe22Cr and the intermediate later after 360 hours. The image 
is rotated 90° counter-clockwise relative to those of 5a. “Spot” analysis was also performed by analysis of the area 
enclosed in the circle positioned in the middle of the CaCrO4 layer.  
 
  
 
Figure 5c. XRD pattern of the interface with step scan waterfall plot (inset) from the calcium cobaltate (lower) to 
Fe22Cr. The strongest peaks of the CaCrO4 phase are visible at 2θ = 24.9°, 33.4° and 49.2°. The square markers 
indicate the peaks of the Ca3Co4O9 phase, which has the nearly the same diffraction pattern as the Ca2Co2O5 phase 
[00-037-0668] with a very minor additional peak near 36.3°. There is no peak observed near what would be the 
position of the dominant reflection of the CaCrO3 phase at 33.9°. 
  
 
Figure 6. Contact resistance of Ni400 and Fe22Cr with Ca3Co4O9 as determined by linear extrapolation of the 
resistance across the interface of a bi-layered pellet. The vertical line is set at 300°C—near the first-order transition 
of Ca3Co4O9. The inset displays an example (Fe22Cr/Ca3Co4O9 at 600°C) of the resistance versus the distance to the 
interface for both forward and reverse current.  
  
 
 
Figure 7. The resistance vs. time of tri-layered pellets in percent change from the values at t = 60 hrs. 
  
 
 
Figure 8. Thermal contact resistances of the Fe22Cr/Ca3Co4O9 (squares) and Ni400/Ca3Co4O9 (circles) interfaces as 
a function of temperature. The highest temperature data point of Fe22Cr contains a high degree of uncertainty due to 
a poor fit of the diffusivity data. 
 
  
 
Tables 
Hours CaCrO4 (µm) Std Dev. Cr2O3 (µm) +/- 
0 0.36 0.13 0.15 0.05 
8 1.33 0.58 0.3 0.1 
20 1.87 0.37 0.5 0.2 
50 3.61 0.97 0.65 0.2 
360 12.00 1.82 1.1 0.3 
 
Table 1. Thickness of the main intermediate layer phases as a function of time for 
Fe22Cr/Ca3Co4O9 at 800°C in air. 
 
 
 
  wt. % at. % 
Oxygen 40.37 66.07 
Chromium 31.92 16.07 
Calcium 26.44 17.28 
Cobalt 0.66 0.29 
Iron 0.60 0.28 
 
Table 2. EDS “spot” analysis results of the intermediate phase. 
 
 
 
 
 Temp (°C) ASRC (mΩ·cm2) 
Ni400 599.2 63.5 
Fe22Cr 800.0 0.84 
 
Table 3a. Initial area specific contact resistance of samples determined by a multi-lead four-
probe linear extrapolation to the interface. 
 
 
 
T=788°C ASRC (mΩ-cm2) 
 60 Hrs 360 Hrs 
Fe22Cr 2.0 9.5 
 
Table 3b. Area specific contact resistance after 60 and 360 hours at 788°C obtained from the 
subtraction of constituent phase contributions from the resistance versus time data. 
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